Introduction {#s1}
============

Color vision aids the visual processing of natural scenes on several levels, such as scene segmentation (Hansen and Gegenfurtner, [@B40]), object recognition, and stimulus discrimination (Gegenfurtner and Rieger, [@B37]). Colors may also guide attention towards important objects, since color is used both in nature and culture as a powerful signal (Hutchings, [@B46]). Information regarding hue is extracted at early stages of visual processing (Gegenfurtner, [@B36]), which makes its role in triggering early attention shifts plausible. Vivid colors, especially, or those particularly fine-tuned to the perceptual scope of a visual system, can be used to convey messages of two basic kinds: repelling and attracting (King, [@B53]). In the animal world stripes of contrasting colors, such as seen on wasps, are often used to repel potential predators by signaling unpleasant consequences of attack, however same contrasting colors on a courting bird are an invitation to approach. Interestingly, attraction and repulsion also comprise the basic pleasant-unpleasant dimension of emotion (Lang et al., [@B55]), therefore colors may be relevant to the processing of emotional stimuli. In fact, people tend to assign an emotional meaning to particular hues (Moller et al., [@B64]) and have consistent preferences regarding colors (Palmer and Schloss, [@B69]). However, some studies reject a general role of color in the processing of emotional stimuli (Bradley et al., [@B7]; Junghöfer et al., [@B49]; Codispoti et al., [@B16]).

Recently, Elliot and Maier ([@B28]) proposed a theory of colors' impact on psychological functioning. According to their *color-in-context theory*, color carries meaning, and this has a direct and automatic influence on cognitive processes, including attention. This influence is consistent with the emotional evaluation of color as either hospitable or hostile. Thus, color may facilitate approach- or avoidance-oriented psychological processes, serving as an automatically and rapidly processed affective prime. Colors' connotations stem from pairings of a particular color with experiences, objects and messages, which have sources both in biology and culture. However, these connotations are not uniform, and colors' impact on behavior is context-dependent. The modulatory role of the context proposed by Elliot and Maier's ([@B28]) theory is plausible even in case of fast processes like attention switching, given the temporal course of the semantic analysis of visual stimuli. People are able to extract gist of a scene, even when it is presented for only a split second (12--26 ms; Thorpe et al., [@B92]; Bacon-Macé et al., [@B6]; Rousselet et al., [@B80]), and outside of the focus of attention (Li et al., [@B58]; Peelen et al., [@B71]). More importantly, emotionally-loaded visual stimuli are promptly discriminated, even when their presentation is very brief (Junghöfer et al., [@B49]; Schupp et al., [@B81]), and when they are concealed among distracting neutral stimuli (Öhman et al., [@B66]; Calvo et al., [@B11]). The aim of the present study was to test Elliot and Maier's theory by exploring the engagement of attention by color, and the modulatory role of emotional context in this process.

Red is a particularly good example of the aforementioned properties of colors, which prompted several lines of research within the color-in-context theory framework. Firstly, it was established that viewing red immediately before or during a motor response increases the response's strength and velocity, most probably due to the elicitation of fear (Elliot and Aarts, [@B26]). However, when participants are exposed to red several seconds before the motor task, it impairs the motor production, because a relatively distal threat cue causes anxiety rather than fear (Payen et al., [@B70]). Secondly, red seems to possess emotion-eliciting properties. Moller et al. ([@B64]) have shown that people tend to associate red with negative, danger-bearing emotions, since it is the color of fire, blood, anger, and sometimes of poisonous or dangerous animals. Yet, red does not always signal hostility or danger. Among many species (e.g., primates and fish), red is an evolved biological signal of attractiveness (e.g., Milinski and Bakker, [@B63]; Waitt et al., [@B97]). In humans, women and men wearing red clothes are regarded by the opposite sex as more desirable (Elliot et al., [@B27]; Kayser et al., [@B50]). The other positive connotation of red is in food, namely in ripe fruits. Notably, detection of ripe fruits is a possible reason why trichromacy has evolved in primates (Sumner and Mollon, [@B87]; Surridge et al., [@B88]; Osorio and Vorobyev, [@B68]). Clearly, red has a double meaning: it may signal either threat or opportunity, depending on the context. This duality is reflected in infants' preference for red in safe conditions, (i.e., red stimulus primed by a smiling face), and avoidance of this color in threatening circumstances (i.e., red stimulus primed by an angry face; Maier et al., [@B62]).

The emotional connotation of red switches between negative and positive, but in both emotional extremes red signals the presence of a significant stimulus and thus should require an attentional shift towards it. Indeed, Fortier-Gauthier et al. ([@B34]) have recently shown that simple red targets to be detected among gray distractors evoke larger N2pc than green targets, matched in other physical qualities, pointing to possible special status of the color red in visual search. The N2pc component provides a marker of the spatial location of the attentional focus, being more negative at the posterior scalp locations contralateral to the attended stimulus (Luck and Hillyard, [@B60]). Before, attentional bias towards red was postulated on a less straightforward basis. Hill and Barton ([@B42]) concluded that wearing red clothes in combat sports significantly increased the chance of victory. Hagemann et al. ([@B39]) argued that this tendency can be explained, at least partially, by the referees' perceptual bias towards red.

Although attentional bias to red is apparent not only in emotional circumstances (Fortier-Gauthier et al., [@B34]), the primary context of red seems to be an emotionally arousing one, not one that is calm and neutral. Thus, in line with Elliot and Maier's ([@B28]) theory, red should have different properties in emotional and neutral circumstances. Provided that signaling is one of the most important functions of color, red should affect attention, particularly in emotional conditions. Indeed, red is the most widespread signaling color in the natural world, as it is easily visible both on the blue background of the sky, and on the green of foliage (Humphrey, [@B45]). It is also commonly used in the urban environment to raise an alert and draw one's attention, e.g., through the use of road signs, traffic lights, and significant notices.

We aimed to test alternative accounts of how the color red might influence the processing of emotional visual stimuli. On one side, red might serve as a cue that a given image is important, and thus a shift of attention is desirable. In that case, all red images should capture attention, regardless of their emotional meaning. Alternatively, a possible attentional bias towards red may interact with valence, in which case both positive and negative, but not neutral, red images should attract attention. Finally, red may not influence attention at all, leading to random attending to the red and non-red stimuli.

In order to test the specific influence of red on the capturing of attention, we used a version of the Posner spatial cueing task (Posner et al., [@B73]), called the "dot-probe", originally introduced by MacLeod et al. ([@B61]) to study attentional biases towards emotional vs. neutral stimuli. In our modification of this task, a cue comprising a pair of images from the same valence category, one of which always contained a red object while the other did not, were presented simultaneously, one on each side of the screen. They were followed by a target (an asterisk) displayed to the left or right side of the visual field; this target prompted the participant to press the corresponding button on the response box. Comparing reaction times (RTs) in congruent conditions (the target appearing on the side of the red image) to reaction times in incongruent conditions (the target on the side opposite the red image) should allow us to detect an attentional bias towards red in each valence condition. Additionally, we presented cues formed by pairs of images where neither comprised the color red, which created a control condition dubbed "non-aligned".

Apart from RTs, we also measured the early attentional bias using the event-related potentials (ERP), which can be extracted from the ongoing EEG recording. Changes in event-related potentials may appear faster than any overt behavioral reaction. ERP components that mark shifting of attention in space initiated by cue presentation, particularly early directing attention negativity (EDAN) and subsequent anterior directing attention negativity (ADAN), were of special interest. Both EDAN and ADAN are called event-related lateralizations, as they assume more negative values contralaterally to the location of attentional focus. EDAN exhibits posterior-occipital scalp distribution in the time window between 200 and 400 ms after cue onset. It is hypothesized to represent either a shift of attention caused by decoding the meaning of the cue (Harter et al., [@B41]; Hopf and Mangun, [@B43]; Nobre et al., [@B65]; Talsma et al., [@B89]; Praamstra and Kourtis, [@B76]) or the selection of a relevant cue feature (van Velzen and Eimer, [@B96]; van der Lubbe et al., [@B93]; Jongen et al., [@B48]; Brignani et al., [@B8]). Thereby, according to van Velzen and Eimer ([@B96]), EDAN is a reaction to cue analogous to the target-related N2pc. A following component, ADAN, commencing around 300 ms post cue and lasting till 500 ms has frontal distribution (Praamstra et al., [@B75]; van der Lubbe et al., [@B93]) and represents a modality-independent attentional control mechanism (Hopf and Mangun, [@B43]; Nobre et al., [@B65]; Eimer et al., [@B24], [@B25]; Seiss et al., [@B83], [@B82]). In addition to the lateralized EEG components, we examined the occipito-parietal P1 component with latency around 100 ms, to check for efficacy of valence manipulation. A number of EEG studies utilizing various image presentation schemes suggest that cortical differentiation between affective categories occurs as early as 100 ms after stimulus onset, evidenced by the modulation of the P1 by valence of presented stimuli (Smith et al., [@B86]; Carretié et al., [@B14]; Delplanque et al., [@B20]; Keil et al., [@B51]; Van Strien et al., [@B95]; Bublatzky and Schupp, [@B10]; Feng et al., [@B31]; for review, see Olofsson et al., [@B67]).

According to the interaction hypothesis consistent with Elliot and Maier's ([@B28]) theory, we expected to observe more prominent EDAN and ADAN components contralateral to the visual field where the red image was shown, especially in the emotional condition. We also anticipated to find shorter reaction times and less errors in trials in which the target appeared in the same visual field as the red image (congruent condition), compared with the incongruent and non-aligned conditions. We assumed that also this effect of the color red would depend on the emotional valence of the stimulus pair, with more pronounced facilitation of the behavioral reactions in case of the emotional stimuli compared with the neutral ones.

Materials and Methods {#s2}
=====================

Participants {#s2-1}
------------

Twenty-three (5 male and 18 female) students from the Jagiellonian University, Kraków, Poland, with an age range of 18 to 21 years (*M* = 19.3, SD = 0.7), participated in the study for course credit. All participants were right-hand dominant, had normal or corrected-to-normal vision, and did not report any color vision deficiencies. Participants gave written informed consent. The experiment was conducted according to guidelines of the ethic committee of Institute of Psychology, Jagiellonian University in Kraków.

Stimuli {#s2-2}
-------

Forty-five pairs of images from the International Affective Picture System (IAPS; Lang et al., [@B56]) were selected for the experiment.[^1^](#fn0001){ref-type="fn"} The first subset was composed of thirty pairs: ten negative, ten positive, and ten neutral. One image of each pair contained a predominant red object ("Red" in Table [1](#T1){ref-type="table"}), the other lacked any shades of red ("Non-red" in Table [1](#T1){ref-type="table"}), while both had equal ratings of valence and arousal and, whenever possible, were similar in terms of content and layout. The remaining fifteen pairs (five for each valence category) served as a control condition for the color manipulation ("Non-aligned" in Table [1](#T1){ref-type="table"}) with both images in each pair lacking red coloring, but meeting the other criteria of selection described above. Brightness and contrast, calculated as the mean and SD of the luminance component in CIELAB color space, were equated in each pair of images using Adobe Photoshop. Table [1](#T1){ref-type="table"} presents IAPS ratings of images and their basic physical properties compared across experimental conditions. For the sake of clarity in the study, we made sure that the selected pictures depicted neither faces, due to the unique mechanism of face processing (Allison et al., [@B1]; Alpers et al., [@B3]; for review, see Dekowska et al., [@B19]), nor sexual scenes, whose valence and arousal ratings differ largely between men and women (Lang et al., [@B56]).

###### 

**IAPS ratings (valence and arousal) and basic physical features (luminance, contrast, energy in low and high spatial frequencies) of negative, neutral and positive images, separately for images containing color red, non-red images, and images from control non-aligned condition**.

                    Negative   Neutral   Positive   Statistics                                                                    
  ----------------- ---------- --------- ---------- ------------ ------ ------- ------- ------- ------- ------------ ------------ ------------
  Valence           2.91       2.88      2.80       5.06         5.09   4.97    7.10    7.13    7.17    464,\*\*\*   0.09, n.s.   0.08, n.s.
  Arousal           6.03       5.80      5.92       3.73         3.58   3.37    4.99    4.90    4.95    69,\*\*\*    0.42, n.s.   0.18, n.s.
  Contrast          0.49       0.49      0.55       0.53         0.52   0.52    0.48    0.48    0.50    0.74, n.s.   0.66, n.s.   0.30, n.s.
  Luminance         86         87        79         105          106    90      79      78      96      2.8, n.s.    0.03, n.s.   1.1, n.s.
  HSF (*z*-score)   −0.20      0.03      −0.32      −0.11        0.04   0.30    −0.31   0.12    −0.19   0.47, n.s.   1.3, n.s.    0.38, n.s.
  LSF (*z*-score)   −0.13      −0.06     0.13       0.35         0.44   −0.10   −0.26   −0.38   0.03    2.8, n.s.    0.01, n.s.   1.4, n.s.

*Energy in high spatial frequency (HSF; \>16 cycles per image) and low spatial frequency (LSF; \<8 cycles per image) were calculated using algorithm provided by Delplanque et al. ([@B21]). Luminance and contrast were calculated as the mean and SD of the luminance component in CIELAB color space. ANOVA analyses were performed with factors of valence (negative, positive, neutral) and image type (red, non-red, non-aligned). In statistics columns F~(2,81)~ values for main effects and F~(4,81)~ values for interactions are reported, with \*\*\*indicating p \< 0.001 and n.s. indicating p \> 0.05*.

Procedure {#s2-3}
---------

The stimuli were presented against a gray background on a 22-inch flat TFT monitor with a refresh rate of 100 Hz. The software package DMDX (Forster and Forster, [@B33]) was used to control the experiment. The response pad was connected directly to the recording equipment via an optical transducer.

The experiment was carried out in a dimly-lit chamber. Participants were seated in a comfortable chair approximately 70 cm away from the screen. After receiving both verbal and written instructions, participants completed the dot-probe task (Figure [1](#F1){ref-type="fig"}) while the EEG and RTs were recorded. The dot-probe task comprised 360 unique trials (15 pairs × 3 valences × 2 target locations × 2 image locations × 2 SOA), each presented three times in random order, with the restriction that no trials of the same kind were allowed to follow each other. The task was divided into three identical blocks approximately 20 min in length each, with self-paced breaks in between. Before the actual experiment started, participants had the chance to practice the task on ten training trials.

![**Overview of trial structure in congruent, incongruent and non-aligned conditions**. Presented images are similar to IAPS images used in the experiment.](fnhum-09-00212-g0001){#F1}

Each trial started with a fixation cross (0.6° × 0.6° in size; positioned in the center of the screen), presented on average for 2400 ms (a random interval of 2000--2800 ms). The fixation cross was followed by a prime: one of the 45 pairs of IAPS pictures, randomly selected and displayed for either 50 or 100 ms, which created two conditions of stimulus onset asynchrony (SOA), fully counterbalanced across the experiment. Two SOA conditions ensured that participants were unable to learn temporal cue-target contingency and hence to prepare the motor response in advance. Relatively short SOA durations are optimal for studying shifts of attention triggered by both emotional (for review see Yiend, [@B98]) and exogenous factors (Shepherd and Müller, [@B85]), due to transient influence of both types of cueing on attention deployment. Short SOAs also ensured that the participants did not have enough time to execute a saccade towards either of cues before the target appeared (Calvo et al., [@B12]). Both images from a pair (each 23.1° wide and 18.3° high) were presented simultaneously, on opposite sides of the screen, spanning from 5.5° to 28.6°, either to the left or the right of the center. Although the pairing of the pictures was permanent, their relative location on the screen was randomized. Worth noting is that all pairs lacking a red object were randomly mixed with pairs in which red was featured. This design served two purposes. Firstly, to maintain uncertainty regarding the color properties of an upcoming cue; this prevented the subjects' attention from being guided simply by feature-driven pattern. Secondly, to create a control condition in which neither image in a pair contained a red feature, while sharing other properties of experimental pairs, which enabled us to assess the pure role of color. Finally, the target---an asterisk (\*, of size 1.2° × 1.2°) appeared for 150 ms, presented 16.7° to the left or right side of the screen. Laterality of the target location was fully counterbalanced across the experiment. The participants were instructed to make a response (as quickly and as accurately as possible) when the asterisk was flashed on the screen, by pressing the button corresponding to the location of the target with their left or right thumb, accordingly. The participants were informed that before each target a pair of images would be flashed and were told not to pay attention to it. No further information about images was given. The next trial immediately followed the response.

Sides of the red image and target display were independent. Combined, they created two conditions: congruent with the target spatially aligned with the red cue, and incongruent with the target and cue appearing on the opposite sides of the screen. Naturally, this division was impossible to maintain in the case of pairs lacking a red feature, due to the absence of the color cue. Hence, those trials formed the non-aligned condition.

EEG Recording {#s2-4}
-------------

The EEG was recorded with the ActiveTwo BioSemi system (BioSemi, Amsterdam, The Netherlands) from thirty-two mono-polar locations (Fp1/Fp2, AF3/AF4, F3/F4, F7/F8, FC1/FC2, FC5/FC6, C3/C4, T7/T8, CP1/CP2, CP5/CP6, P3/P4, P7/P8, PO3/PO4, O1/O2, Fz, Cz, Pz, Oz). All the electrodes were placed on the scalp using an Electro-Cap according to the 10--20 system, and referenced to the common mode sense (CMS) electrode with an additional drive right leg (DRL) electrode serving as a ground. The ocular activity was recorded with four bipolar electrodes placed at the outer canthi of each eye for horizontal movements, and above and below the middle of the left eye for vertical movements. An additional two electrodes were placed at both mastoids. The EEG signal recorded at a sampling rate of 512 Hz with a 104 Hz anti-aliasing filter was continuously stored on a computer for offline analysis. Using BrainVision analyzer software (BrainProducts GmbH), the data were offline re-referenced to the average of the mastoids, and filtered with band pass filter 0.016--30 Hz (12 dB). Subsequently, segments of 600 ms in duration were extracted for each trial, starting 100 ms before the image onset. The first 100 ms period of each segment was defined as a baseline. Data were edited for the artifacts by rejecting trials with zero activity, voltage steps over 50 μV, and voltage differences larger than 100 μV. Segments contaminated by ocular artifacts were excluded from the analysis by rejecting trials with HEOG activity greater than 40 μV. Artifact-free trials in which participants correctly responded to the target stimulus, were averaged separately for valence type (positive, neutral, negative) location of red cue (left and right visual field), and SOA (50 or 100 ms). On average 55.4 trials (SD = 4.9) were used to calculate ERP waveforms, after rejection of 7.5% of trials (Table [2](#T2){ref-type="table"}). ANOVA analysis conducted on the number of averaged trials with factors of valence, location of the red cue, and SOA revealed no significant main effects. Only the interaction of valence with location of cue proved to be significant *F*~(2,42)~ = 5.3, *p* = 0.009. Pairwise comparison revealed that this interaction was due to difference in positive condition. It is unlikely that this effect impacted on our ERP results, since there was no corresponding effect in either EDAN (*F*~(2,42)~ = 0.84, *p* = 0.44), or ADAN (*F*~(2,42)~ = 0.19, *p* = 0.83) components.

###### 

**Mean number of artifact-free trials (with SD reported in brackets) used to calculate EDAN and ADAN components for all valence (negative, neutral, positive), SOA (50 ms and 100 ms), and location of red cue (left or right visual field) conditions**.

             SOA 50 ms    SOA 100 ms                
  ---------- ------------ ------------ ------------ ------------
  Negative   56 (4.2)     55.4 (5.4)   55.3 (5.2)   55.9 (5.2)
  Neutral    55.1 (4.7)   55.1 (5.5)   55.9 (5.2)   55.4 (5.3)
  Positive   54.7 (5.1)   55.5 (5.5)   54.5 (5.3)   56.5 (4.1)

Lateralized EDAN and ADAN potentials were calculated using standard procedure involving averaging of mean EEG activity recorded contralaterally and ipsilateraly in respect to the location of the red cue (Seiss et al., [@B82]). Since for every cue in any valence and SOA conditions there was the same number of targets in the left and right visual fields, subtraction and averaging procedure over left and right electrode locations eliminated the overlap of cue and target-related EEG activity, including motor preparation (for discussion of this issue see Luck, [@B59]; for similar experimental design see Ansorge et al., [@B4]). Following Praamstra et al. ([@B75], [@B77]), we scored EDAN and ADAN as a mean EEG activity over pooled electrode locations. The specific time windows and electrode locations were determined using grand-average waveforms, and scalp topographies. For EDAN, with time window 200--250 ms, we averaged electrode pairs O1/O2, P3/P4, PO3/PO4, and P7/P8, while for ADAN, with time window 300--350 ms, the following ones: FC1/FC2, AF3/AF4, F3/F4, and F7/F8. Non-aligned trials were not taken into account in this analysis, as they lacked a laterally-located cue which could serve as a reference.

The non-lateralized P1 component in response to cue onset was scored as a mean EEG activity on parietal and occipital locations (PO4, O2, Oz, O1, PO3) in time window 70--100 ms. The P1 was calculated for each valence condition, regardless whether a pair was congruent, incongruent or non-aligned.

Statistical Analyses {#s2-5}
--------------------

A valence (positive, neutral, negative) by congruency (congruent, incongruent, non-aligned) repeated measures ANOVA was conducted on reaction times (medians aggregated for participant and condition) and arc-sine transformed mean error rates. Reaction time analysis was performed on all correct responses between 100 and 1000 ms.

The mean amplitude of P1 component was analyzed using repeated measures ANOVA with factors of valence (positive, neutral, negative), electrode (PO4, O2, Oz, O1, PO3) and SOA (50 and 100 ms). With respect to EDAN and ADAN components two complementary analyses were conducted. Firstly, mean raw ERP data over pooled locations in EDAN and ADAN time windows were investigated using repeated measures ANOVA with factors of valence (positive, neutral, negative), red cue visual field (left, right) lateralization of electrode cluster (ipsilateral, contralateral to the red cue) and SOA (50 and 100 ms). Secondly, lateralized EDAN and ADAN components were analyzed using repeated measures ANOVA with factors of valence (positive, neutral, negative), and SOA (50 and 100 ms). In all ANOVA analyses with factors featuring more than two levels, if the sphericity assumption was violated, the Huynh-Feldt correction was applied, and the adjusted *p*-values are reported. All simple effects were investigated using *post hoc* comparisons with the Bonferroni correction. Data from one participant had to be rejected from the analyses due to very high error rates (29.5% vs. the average of 7.5%), leaving data from 22 participants for all further analyses.

Results {#s3}
=======

Behavioral Performance {#s3-1}
----------------------

### Accuracy {#s3-1-1}

The overall pattern of accuracies and reaction times with respect to congruency and valence is shown in Figure [2](#F2){ref-type="fig"}. Error rates were affected by congruency (*F*~(2,42)~ = 6.9, *p* = 0.002, $\eta_{p}^{2}$ = 0.248), such that participants' responses were most frequently correct in the congruent (94.7%), and least correct in the incongruent condition (92.4%), with intermediate accuracy in the non-aligned condition (93.5%). It seems that, as expected, a red cue facilitated responding on the side where it appeared, causing both a decrease of performance in the incongruent condition, and its increase in the congruent condition, whereas absence of the color cue indeed acted as a neutral baseline. Also, the valence altered response accuracy (*F*~(2,42)~ = 7.0, *p* = 0.002, $\eta_{p}^{2}$ = 0.251). That is, participants performed slightly more accurately in the positive (93.9%) than in the neutral condition (93.4%), and the lowest accuracy was observed in the negative condition (93.1%). Most importantly, valence and congruency factors produced an interaction effect (*F*~(4,84)~ = 3.7, *p* = 0.008, $\eta_{p}^{2}$ = 0.149), which was further investigated using simple effects tests. In the negative valence condition, congruency resulted in significantly higher accuracy than incongruency (*p* = 0.006), or the absence of the red cue (*p* = 0.002). The positive primes elicited a slightly distinct pattern of response: participants performed the task more correctly both in the congruent and non-aligned trials, compared with the incongruent trials (*p* = 0.033 and *p* = 0.019, respectively). Finally, the analysis revealed that in the neutral condition, congruency of the prime did not alter accuracy significantly.

![**Response times (line graphs) and error rates (bar graphs) for each experimental condition**. Standard errors were corrected for a repeated measures analysis (Cousineau, [@B17]).](fnhum-09-00212-g0002){#F2}

### Reaction Times Time-Locked to Target {#s3-1-2}

Overall, participants were faster to respond when the target was preceded by the red cue (*M* = 392 ms), than in the incongruent (402 ms) or the non-aligned condition (402 ms), which was reflected in the effect of congruency (*F*~(2,42)~ = 39.7, *p* \< 0.001, $\eta_{p}^{2}$ = 654). Although there was no significant main effect of valence, the emotional content of the cue interacted with the congruency factor, affecting the reaction times significantly (*F*~(4,84)~ = 3.8, *p* \< 0.007, $\eta_{p}^{2}$ = 154). A follow-up analysis revealed that in the congruent condition both negative and positive cues shortened the response time, in comparison to the neutral cue condition, by 4.9 ms (*p* = 0.036) and 7.8 ms (*p* = 0.01), respectively. On the contrary, an incongruent cue or the absence of red cue evoked no differences in reaction times with respect to valence. Summing up, this pattern of results indicates that red is an effective cue on the behavioral level, reducing the latency of reaction to the target, whereas the overall emotional charge of a given pair of images bears only an indirect relationship to RTs, enhancing the effect of color cueing.

Cue-Locked ERP Components {#s3-2}
-------------------------

The P1 component elicited at occipito-parietal locations proved to be sensitive to the affective value of presented images (Figure [3](#F3){ref-type="fig"}). Differences in the P1 amplitude evoked by negative (*M* = 1.1, SD = 3.1), positive (*M* = 0.66, SD = 2.9), and neutral cues (*M* = 0.33, SD = 2.81) were significant, as validated by main effect of valence, *F*~(2,42)~ = 10.13, *p* \< 0.001, $\eta_{p}^{2}$ = 0.325. Pairwise comparison revealed that P1 elicited by negative cues differed significantly from P1 elicited by neutral (*p* = 0.004) and postive cues (*p* = 0.021), but P1 to positive cues did not differ from P1 to neutral ones (*p* = 0.14). No other effects or interactions were significant in the P1 amplitude analysis.

![**Cue-locked P1 component for negative, neutral and positive condition elicited at occipito-parietal locations**. The presented data were averaged across all congruency and SOA conditions. Gray bar represent P1 time window.](fnhum-09-00212-g0003){#F3}

Statistical analysis confirmed the presence of EDAN component (Figure [4](#F4){ref-type="fig"}) by significant effect of lateralization (*F*~(1,21)~ = 6.7, *p* = 0.017, $\eta_{p}^{2}$ = 0.242) with potentials assuming smaller values at electrodes contralateral to the red cue (*M* = 3.97, SD = 2.7) than at electrodes ipsilateral to the red cue (*M* = 4.13, SD = 2.7). Crucially, substantiating the influence of context on attention deployment, the interaction between valence and laterality proved to be significant, *F*~(2,42)~ = 10.5, *p* \< 0.001, $\eta_{p}^{2}$ = 0.333. Further investigation of this interaction with simple effects revealed that in the negative and positive conditions values at contralateral electrodes were more negative (*M* = 3.98, SD = 2.75 and *M* = 3.68, SD = 2.72, respectively) than at ipsilateral electrodes (*M* = 4.33, SD = 2.86 and *M* = 4.03, SD = 2.73, respectively), while in the neutral condition an opposite effect emerged with potentials at contralateral electrodes being slightly more positive (*M* = 4.25, SD = 2.79) than at ipsilateral ones (*M* = 4.02, SD = 2.63). These simple effects were statistically significant, with *p* = 0.005 for negative, *p* = 0.001 for positive, and *p* = 0.045 for neutral condition. Furthermore, the main effect of SOA proved to be significant (*F*~(1,21)~ = 8.94, *p* = 0.007, $\eta_{p}^{2}$ = 0.299), as well as interaction of SOA with red cue visual field (*F*~(1,21)~ = 4.71, *p* = 0.042; $\eta_{p}^{2}$ = 0.183). This effect was driven by the overall larger values of mean EEG activity in 50 ms SOA condition as compared with 100 ms SOA condition, especially if the red cue appeared in the left visual field (*M* = 4.55, SD = 3.77 for 50 ms SOA and *M* = 3.51, SD = 3.72 for 100 ms SOA condition), as compared with right visual field (*M* = 4.31, SD = 2.5 for 50 ms SOA and *M* = 3.82, SD = 2.26 for 100 ms SOA condition).

![**Grand average ERPs ipsilateral and contralateral to the visual field of the red image**. Black waveforms illustrate early directing attention negativity (EDAN) component and were averaged across occipito-parietal (O1/O2, P3/P4, PO3/PO4, P7/P8) locations. Blue waveforms illustrate anterior directing attention negativity (ADAN) component and were averaged over frontal locations (FC1/FC2, AF3/AF4, F3/F4, F7/F8). Gray bars represent time-windows for EDAN and ADAN.](fnhum-09-00212-g0004){#F4}

Calculation of lateralized EDAN produced an enhanced parietal negativity on the scalp contralateral to the red cue in both emotional conditions, while in the neutral condition slightly opposite effect emerged (Figure [5](#F5){ref-type="fig"}). This resulted with EDAN assuming negative values in both positive (*M* = −0.35, SD = 0.43) and negative valences (*M* = −0.34, SD = 0.51), as opposed to neutral one (*M* = 0.23, SD = 0.51). The difference was overall significant (*F*~(2,42)~ = 10.5, *p* \< 0.001, $\eta_{p}^{2}$ = 0.333), and pairwise comparisons revealed that it was indeed driven by neutral condition differing significantly from both negative (*p* \< 0.004) and positive (*p* \< 0.001) conditions. Neither main effect of SOA nor its interaction with valence reached statistical significance.

![**Cue-locked grand average waveforms for (A) EDAN and (B) ADAN, obtained by subtracting ERPs at ipsilateral from contralateral locations to the red image, separately for negative, neutral, and positive slides**. EDAN was calculated from pooled parietal locations (O1/O2, P3/P4, PO3/PO4, P7/P8) and ADAN from pooled frontal locations (FC1/FC2, AF3/AF4, F3/F4, F7/F8). The gray bar indicates time-window used to obtain amplitudes for corresponding effects. Scalp topographies present difference in activity contra-ipsilateral to the red cue for the left hemisphere and difference ipsi-contralateral for the right hemisphere in the time window of EDAN **(C)** and ADAN **(D)** components.](fnhum-09-00212-g0005){#F5}

Similarly, the ADAN component (Figure [4](#F4){ref-type="fig"}) was substantiated by significant main effect of lateralization (*F*~(1,21)~ = 13.4, *p* = 0.001, $\eta_{p}^{2}$ = 0.39), which confirmed that potentials at contralateral electrodes were more negative (*M* = −3.73, SD = 4.02) than at ipsilateral electrodes (*M* = −3.53, SD = 4.11). Again, significant interaction of lateralization with valence (*F*~(2,42)~ = 5.72, *p* = 0.006, $\eta_{p}^{2}$ = 0.214) supported the idea of modulatory influence of context on attentional shift. A follow up analysis of simple effects showed that ADAN was more negative at contralateral sites than at ipsilateral sites for negative cues (*M* = −3.74, SD = 4.19 for contralateral and *M* = −3.39, SD = 4.3 for ipsilateral location) and for positive cues (*M* = −3.93, SD = 4.02 for contralateral and *M* = −3.6, SD = 4.07 for ipsilateral location), while in case of neutral cues this difference was negligible (*M* = −3.53, SD = 4.05 for contralateral and *M* = −3.6, SD = 4.14 for ipsilateral locations). Consequently, simple effect of laterality was significant in case of negative (*p* = 0.003) and positive conditions (*p* = 0.004) but not in case of neutral condition (*p* = 0.46). Additionally, main effect of SOA was also significant (*F*~(1,21)~ = 59.35, *p* \< 0.001, $\eta_{p}^{2}$ = 0.739) with smaller mean EEG activity in 50 ms SOA condition (*M* = −2.48, SD = 3.87) as compared with 100 ms SOA condition (*M* = −4.78, SD = 4.34).

Lateralized ADAN (Figure [5](#F5){ref-type="fig"}) exhibited negative deflection in positive (*M* = −0.33, SD = 0.47) and negative (*M* = −0, 35, SD = 0.48) conditions as compared to neutral one (*M* = 0.06, SD = 0.41). This significant effect (*F*~(2,42)~ = 5.72, *p* \< 0.006, $\eta_{p}^{2}$ = 0.214) was driven by the difference between negative and neutral (*p* \< 0.026) and positive and neutral (*p* \< 0.038) conditions. Neither main effect of SOA nor its interaction with valence proved significant.

In summary, the attention-capturing properties of the color red seemed to be modulated by the overall emotional value of stimuli. When presented images were emotionally charged, the EDAN and ADAN components reflected an attention shift towards the red image. On the other hand, in case of the neutral pairs, the data indicated no significant shift of attention.

Discussion {#s4}
==========

In the present study, using a dot-probe task coupled with EEG recording, we demonstrated that the color red captures attention and facilitates congruent motor response, particularly in an emotional context.

Participants were faster and more accurate in their responses when the target followed a red-colored cue. The effect was significantly stronger when the color cue was emotionally loaded, revealing interaction between the physical feature and the emotional valence of the image. This is consistent with propositions put forward by Elliot and Maier ([@B28]) that color influences psychological functioning, and that the actual manifestation of this influence depends on the context. Specifically, it appears that the color red generally facilitates motor output. The magnitude of this effect is potentiated by the emotional context, a phenomenon most likely mediated by the evolutionary meaning of red, which serves as a significant signal, both in the appetitive and the aversive conditions.

The hypothesis postulating an early automatic shift of attention by red emotional images is corroborated by the analysis of the event-related potentials. We found that both the EDAN and ADAN components were larger contralateral to the red cue, but only if the cue was emotional. We also observed significant effects of SOA on raw EEG in both EDAN and ADAN time windows. However, these effects do not interact with laterality, representing EEG activity averaged across contra- and ipsilateral electrode locations. As we are only interested in comparing activity contra- and ipsilateral to the red cue, our main experimental effect is the interaction of laterality with valence. From this perspective effects of SOA that do not interact with laterality cannot be interpreted in any meaningful way. Moreover, SOA effects disappear completely when analysis is conducted on the subtracted data.

Cueing by color observed only after emotional images suggests that the appearance of an emotional image increased the visual cortex activation linked to the processing of a potentially significant stimulus. This in turn might have led to enhanced cortical susceptibility to the evolutionarily relevant features, such as red coloration. Indeed, the visual cortex activation, evidenced by the magnitude of the P1 component, was modulated by valence of the presented cue within the first 100 ms after image onset. The P1 evoked by both negative and positive cues was numerically larger than evoked by neutral cues. However, it was most eminent in the negative condition and proved to differ significantly from the P1 in positive and neutral conditions, possibly reflecting so-called negativity bias (Smith et al., [@B86]; Delplanque et al., [@B20]; Bublatzky and Schupp, [@B10]; Feng et al., [@B31]). It has been suggested that the P1 enhancement in emotional context reflects more efficient sensory processing of potentially relevant stimuli (Smith et al., [@B86]; Carretié et al., [@B14]; Keil et al., [@B51]; Bublatzky and Schupp, [@B10]; Pourtois et al., [@B74]; Feng et al., [@B31]). The evidence indicating that emotional stimuli boost the activation of visual cortex has been also obtained in neuroimaging studies (e.g., Lang et al., [@B57]; Kuniecki et al., [@B54]).

Closer examination of color with valence interaction reveals that in contrast to the emotional conditions, in the neutral condition the EDAN component proved to be more pronounced ipsilateral to the red image. This result might appear somewhat surprising, since it suggests that in the case of neutral stimuli, early attention was directed away from the red cue. Observed lack of attention engagement in neutral condition might be explained by the superfluous nature of the color red in a non-emotional context, due to a lack of evolutionary significance in the neutral images. Therefore, in the case of the neutral stimuli, attention was either not as focused as it was in the case of the emotional stimuli, or it was quickly directed away from the red image.

Reaction times support this hypothesis, as the difference in RTs between congruent and incongruent trials was significantly larger in the negative and the positive, compared with the neutral condition. The occurrence of a red image caused the shift of attention chiefly in the emotional conditions, which must have affected motor preparation accordingly. Indeed, shifts of the exogenous attention are in most cases linked to motor preparation (Sheliga et al., [@B84]). Uncoupling of those two processes is possible, though it requires very specific experimental manipulation (Praamstra and Oostenveld, [@B78]; Praamstra et al., [@B75], [@B77]; Cespón et al., [@B15]). Elliot and Aarts ([@B26]) obtained evidence that the occurrence of the color red, as compared with blue and gray, enhanced motor processes, such as the time and strength of a reaction. Facilitated motor responses corresponding to attentional preference for red over green targets were observed also in Fortier-Gauthier et al. ([@B34]) study. The authors concluded that this property of red, observed also in our study, should be taken into account while choosing stimuli for an experiment with reaction times' measurement.

Although the EDAN stands for early directing attention negativity it is by no means "early" in terms of the chronometry of visual processing. Foxe and Simpson ([@B35]) have shown that evoked potentials occurring around 200 ms after a stimulus onset do not represent the first feedforward sweep of visual information reaching the visual cortex. Instead, they arise as a result of multiple iterations of interactive processing between several cortical and possibly subcortical areas. Accordingly, the observed modulation of the P1 by valence substantiates the idea that differences in the following EDAN component represented the combined influence of emotional valence and coloration, because the visual analysis of both of these features must have been considerably advanced at this stage.

Indeed, the influence of both semantic and physical features on the EDAN component was observed in earlier studies. Presenting an asymmetric cue, such as an arrow, can affect EDAN due to difference in physical features rather than due to the meaning of the cue. van Velzen and Eimer ([@B96]) showed that the EDAN component is not dependent on the direction the cue is pointing to, but instead on the spatial asymmetry of the cue itself. Later it was confirmed that EDAN is related to the asymmetry inherently present in arrow cues (Jongen et al., [@B48]; Brignani et al., [@B8]). Additionally, pairs of symmetric cues do not evoke EDAN, even if they are valid, as shown by Brignani et al. ([@B8]) who cued target location by identical textures. On the other hand, Ranzini et al. ([@B79]) found that in certain conditions EDAN can be elicited by completely symmetrical cues, namely by centrally presented numbers. They explain this result in terms of "spatial-numerical association of response codes" (SNARC) theory, stipulating overlearned automatic association between numerals and location in space (Dehaene et al., [@B18]), i.e., large numbers are mentally associated with the right part of the space, whereas small numbers are associated with the left part (Hubbard et al., [@B44]). The numerals were effective cues, shifting attention and influencing EDAN, therefore their meaning must have been decoded before the target commenced. In our experiment, the cue images were identical in terms of emotional valence and basic visual properties. The asymmetry was created by the presence of the red hue. Interestingly, the color asymmetry on its own did not influence EDAN in neutral condition, but only did so in emotional condition. Therefore, it seems that in our case the effect of physical asymmetry was modulated by rapid decoding of the images' semantic meaning. It is plausible that this interaction stems from overlearned association between red hue and emotional stimuli resembling in that aspect the SNARC effect.

Additionally, because cues provided by the IAPS slides were irrelevant to the task, we assume that the enhanced EDAN component reflected a perceptual and automatic bottom-up process, rather than a more elaborate, decision-based top-down process. It appears that even if the explicit instruction requires the participant to ignore the color cue, the early detection system working in the background is unable to completely disregard the color as a valuable hint. This supports Elliot and Maier's idea that color influences psychological functioning automatically. Indeed, Theeuwes ([@B90]), and Kim and Cave ([@B52]), have shown that an irrelevant-to-the-task but salient color singleton captures spatial attention. This effect persists even if participants are informed in advance that the colored singleton should be ignored (Theeuwes et al., [@B91]). Importantly, these effects do not depend on any special quality of the color, but rather on its perceptual distance to its surroundings. This might raise doubts if in our case the observed effect is also color-unspecific, and relies chiefly on the relative consistency of the red hues dominating over the background. Although it is not feasible to entirely refute this possibility given our experimental design, the significant interaction of EDAN and ADAN with the valence of images provides strong support for the idea that the color red was not determined to be attention-worthy throughout all stimulus presentations, but only in those with emotional content. Thus, the effect we report here cannot be exhaustively explained by a simple color pop-out. We are not able to conclude if this effect is exclusive for red hue, as we do not contrast effects of red and a single different color. It is possible that other hue would also produce similar results, even regardless of its emotional connotations. However, the unique influence of red on facilitation of motor responses and attentional preference was observed in studies directly comparing effects of different hues (Elliot and Aarts, [@B26]; Payen et al., [@B70]; Fortier-Gauthier et al., [@B34]).

In our experiment the target immediately followed the cue, which might lead to the conclusion that effects attributed to shifts of attention are in fact related solely to motor preparation. Our results however do not provide support for such interpretation. Firstly, the occipito-parietal topography of EDAN and frontal topography of ADAN components are in agreement with literature (Hopf and Mangun, [@B43]; Nobre et al., [@B65]; Praamstra et al., [@B75]; Praamstra and Kourtis, [@B76]; Van der Lubbe and Utzerath, [@B94]). Importantly, neither of these components exhibited central-frontal distribution characteristic to motor activity. Secondly, calculation of EDAN and ADAN involved averaging over the same number of left and right target occurrences, therefore cancelling out any attention-unrelated (i.e., motor) lateralizations (Luck, [@B59]). Double subtraction procedure used for the calculation of EDAN and ADAN, as well as N2pc, compensates also for the overlap of EEG activity evoked by cue and target, leaving only cue-locked activity (Ansorge et al., [@B4]). It is important to note, however, that ADAN can be evoked not only by attentional shift, but also by motor preparation (Praamstra et al., [@B75], [@B77]; Eimer and van Velzen, [@B23]; van der Lubbe et al., [@B93]; Gherri et al., [@B38]). Motor-related ADAN is bound to the presentation of the cue predicting movement direction or hand selection. The more unambiguous the cue in respect to the expected motor activity, the larger the ADAN component (Praamstra et al., [@B77]). In our case the cues were irrelevant to the location of the forthcomming target and hence were not valid. It is therefore unlikely that the cue-locked differences observed in the ADAN time window are entirely related to motor processes.

Lastly, it is worth noting that relatively few studies have explicitly tested how emotional processing impacts visual perception. For example, Brosch et al. ([@B9]) explored the relative influence of task-irrelevant emotional cues (angry faces), and exogenous cues (a bright border placed around an image) on early attention deployment indexed by the N2pc component. They established that while the exogenous, physical cue influenced the N2pc, the valence of the cue did not. While this result is inconsistent with the majority of findings exploring the engagement of attention by emotional faces (clearly showing modulation of the N2pc by emotional cues; Eimer and Kiss, [@B22]; Fenker et al., [@B32]; Feldmann-Wüstefeld et al., [@B30]; Ikeda et al., [@B47]), it provides evidence that---under specific experimental conditions---the exogenous cueing in the emotional dot-probe paradigm is capable of capturing attention. Our results are analogous, insofar as red coloration of the image is regarded as a kind of exogenous cue. However, the present study suggests that the emotionality of the cue plays a role too, by modulating the attention capture through the evolutionarily relevant physical feature.

Phelps et al. ([@B72]), in a purely behavioral study using facial expressions as emotional cues, showed that emotion interacts with early visual processing by lowering the contrast required to identify target stimuli. Working in the same vein, Bocanegra and Zeelenberg ([@B5]) obtained evidence that emotion indeed improves discrimination, but only of stimuli with low spatial frequency. Conversely, detection of high spatial frequency stimuli was hindered by the prior exposition of emotional faces. This finding is corroborated by evoked potential evidence showing that low, but not high, spatial frequencies are crucial for early discrimination of emotional from neutral stimuli (Alorda et al., [@B2]; Carretié et al., [@B13]). These results suggest that the emotional context selectively facilitates perception of specifically emotion-related aspects of a visual stimulus. Since the color red possesses a signaling value characteristic for the emotional content (e.g., Humphrey, [@B45]; Elliot and Pazda, [@B29]), our findings provide further evidence which strengthens this hypothesis.

In summary, our results fit into the color in context theory advocated by Elliot and Maier ([@B28]), as the impact of the color red on motor behavior and attentional shifts is modulated by the emotional context of the presented stimuli. At the relatively early stage of visual processing, only the emotional red stimuli attract attention, while the neutral red images are ignored. At the behavioral level, the color red speeds response in all conditions, however the magnitude of this gain is context-dependent. Furthermore, this process seems to be purely automatic and bottom-up in nature. Our results suggest also that the color of stimuli should be controlled in studies concerning reaction times and attention, especially if the presented stimuli have emotional significance.
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